In this paper, we describe a flexible and chemically well-␤-1,4-galactosyltransferase. Finally, a strategy for predefined approach for the preparation of carbohydrate paring arrays with carbohydrates generated on solid arrays, and we validate the utility of these carbochips phase is shown. This surface engineering strategy will for protein binding assays and enzyme activity assays. permit the preparation and evaluation of carbohydrate
Introduction chip must prevent the nonspecific adsorption of proteins from a contacting solution. The use of substrates that The development of biochip microarrays has had a maare not inert will give adsorption of unwanted proteins jor impact in biological research and in drug discovery and lead to false positive results. It will also obstruct programs. Microarrays combine the benefits of immobithe presentation of immobilized carbohydrates and thus lized format assays, which simplify the isolation and give false negative results. The common strategy of detection of analytes, with the capability of analyzing treating the substrate with bovine serum albumin or thousands of analytes in parallel. Gene chips, which other blocking proteins to passivate the surface and comprise patterned arrays of oligonucleotides or cDNAs, prevent this unwanted adsorption is not an effective represent the prototype biochip. They have been comsolution because the blocking proteins often interfere mercialized and are now widely used in the global profilwith desired interactions on the substrate [21] . A second ing of gene expression [1, 2] . This success has motivated requirement is that carbohydrates are presented in a significant efforts to develop functional peptide and proregular and homogeneous environment so that all immotein chips that can more directly characterize cellular bilized ligands have equal activity toward soluble proactivities [3] [4] [5] . These chips still require further developteins and enzymes. This feature permits the quantitative ment and will likely be made available to the broader evaluation of binding affinity and enzymatic activity. research community over the next several years. In this Third, it is vital that the density of carbohydrate ligands paper, we introduce a strategy for preparing a carbohybe controlled because many carbohydrate-protein and drate chip and demonstrate its utility for characterizing carbohydrate-carbohydrate interactions are polyvalent carbohydrate binding and modifying activities.
in nature [22, 23] . The affinities of these interactions The functions of carbohydrates in biology have not are extremely sensitive to changes in the density and been as extensively studied as those of proteins and orientation of individual carbohydrates, so much so that nucleic acids. This discrepancy is due both to the more binding affinities and specificities can change with the complex structures of oligosaccharides (which often are density of an immobilized carbohydrate [24, 25]. Finally, branched) and to a lack of general methods for syntheto be broadly useful, the carbochip should be compatible with several important detection methods, including phosphorimaging, fluorescence, and surface plasmon The strategy is based on the Diels-Aldermediated immobilization of carbohydratecyclopentadiene conjugates to a monolayer that presents benzoquinone groups. Because the Diels-Alder reaction is rapid, selective, and quantitative, all carbohydrates within the array are presented at a uniform density.
resonance spectroscopy. Below we describe an ap-
Synthesis of Carbohydrate-Diene Conjugates
In order to prepare arrays that present several carbohyproach based on self-assembled monolayers of alkanethiolates on gold. This approach can produce carbodrates, we synthesized conjugates 1-10, which contain a cyclopentadiene group for Diels-Alder-mediated imhydrate chips that meet these requirements and that have the necessary characteristics to be broadly valumobilization to self-assembled monolayers. Each compound was prepared by the coupling of carboxylic acid able in biological research and in applications to screening. oligo(ethylene glycol) groups prevent nonspecific adhave proven to be very important in biology and drug discovery, they still do not compete with quantitative sorption of proteins and other components that are present in sample solutions. These monolayers are curperformance and reproducibility of conventional solution-based assays. This limitation stems largely from rently the best available for preventing unwanted interactions and are critical to the performance of the carbotwo factors. First, the immobilized molecules are presented in a heterogeneous environment and therefore hydrate chip. Third, the use of a Diels-Alder reaction to immobilize carbohydrates gives high yields and exceldisplay different activities. Proteins, for example, are usually immobilized in a range of orientations and unlent selectivity for immobilization. Hence, the densities of immobilized carbohydrates can be controlled and dergo denaturation to varying extents, both of which can compromise activity. Second, the substrates that kept constant for all carbohydrates in the array because they are determined by the density of benzoquinone are used to pattern arrays are often not very effective at blocking unwanted interactions, which can lead to groups in the film, not on the particular structure of carbohydrate. One can determine the absolute densities high background levels and to interference with desired protein-ligand interactions. The use of blocking proteins of benzoquinone groups with good accuracy by using cyclic voltammetry to quantitatively monitor the reversor detergents can optimize the performance of an assay, but it introduces further heterogeneities that comproible reduction. These features are especially important with carbohydrate chips (as compared to DNA, peptide, mise the quantitative character of the chip. Our development of a carbohydrate chip avoids these factors by an and protein chips) because these ligands participate in multivalent interactions and are therefore exquisitely appropriate engineering of the surface chemistry. We believe that these strategies will also be important for sensitive to the density and presentation of individual carbohydrates.
the currently underway. (19b), and 3-(2-aminoethylthio)propyl-␣-L-2-acetamido-2-deoxy-glucopyranoside (19c)  12 as a clear oil (2.89 g, 52%) . 1 CDCl 3 ) ␦ 4.16 (q, 2H, J ϭ  7.14), 4.10 (s, 2H), 3.62-3.70 (m, 14H), 3.56 (t, 2H, J ϭ 4.24) -toluenesulfonyl chloride (1 g, 5.4 mmol) and DMAP (25 mg, 0.2  eluent.  mmol) were added to a solution of 13 (1.25 g, 4 18 (m, 1H), 4.10-4.05 (m, 1H), 3.88-3.81 (m, 1H) :hexanes) to afford 13 as a clear oil (1.53 g, 78%) .
Self

H NMR (
1 H 6H), 1.59 (s, 3H), 1.53-1.43 (m, 4H), 1.31-1.25 (m, 2H) ; 13 C NMR NMR (CDCl 3 ) ␦ 7.73 (d, 2H, J ϭ 8.30), 7.28 (d, 2H, J ϭ 8.30), 4.14 (q,  (CDCl 3 ) ␦ 170.29, 169.87, 169.08, 168.96, 156.14, 136.43, 128.13,  2H, J ϭ 7.14), 4.08 (s, 2H), 3.52-3.68 (m, 14H), 2.39 (s, 3H) 127.59, 70.48, 70.32, 70.23, 70.20, 70.18, 70.15, 69.00, 68.28, 60.38 89 (dd, 2H, J ϭ 1.4, 9.1), 2.65 (m,2H), 1.25 (t, 3H, J ϭ 7.14) 48 (m, 2H), 3.09-3.05 (m, 2H), 1.49-1.38 (m, 4H) 31 (m, 1H), 6.19-6.14 (br s, 1H), 4.34 (d, 1H, J ϭ 8.38), 3.92 (s, 2H) 144.88, 135.65, 134.54, 133.25, 131.91, 128.62, 128.27, 102.61 (m, 1H), 6.19-6.14 (br s, 1H), 4.71 (d, 1H, J ϭ 3.7), 3.93 (s, 2H) 72 (m, 2H), 3.63-3.43 (m, 24H), 3.39-3.31, (m, 2H), 3.26-3 30 (m, 1H), 6.18-6.12 (br s, 1H), 4.75 (d, 1H, J ϭ 2.31), 4.00 (s, 2H) , mixture was stirred at Ϫ78ЊC for 30 min and at room temperature 3. 97-3.94 (m, 1H), 3.82-3.62 (m, 22H), 3.53-3.42 (m, 3H), 3.15-3.11 for an additional 4 hr. The solution was filtered through a pad of (m, 1H), 2.94-2.92 (m, 2H), 2.70-2.62 (m, 6H), 1.93-1.86 (m, 2H) , celite, and the salts were extensively washed with THF. Evaporation  1.73-1.69 (m, 1H), 1.46-1.41 (m, 1H), 1.22 (d, 3H, J , 1H), 6.20-6.15 (br s, 1H), 4.11 (d, 1H, J ϭ 7.54), 3.92 (s, 2H),  3.82-3.76 (s, 1H), 3.62-3.55 (m, 22H), 3.49-3.42 (m, 1H) 47 (m, 4H), 1.41-1.34(m, 2H), 1.21 (d, 3H, J 71 (m, 3H), 3.65-3.50 (m, 22H), 3.44-3.36, (m, 3H), 3.32-3 (m, 1H), 2.88-2.85 (m, 2H), 2.64-2.55 (m, 6H), 1.93 (s, 3H), 1.82-1.79  (m, 2H) ; 13 
